Nematodes are round, non-segmented worms with a simple body plan that populate all 50 known biological niches. Caenorhabditis elegans is by far the best-characterized 51 nematode species and was the first metazoan to have its genome assembled (C. 52
elegans Sequencing Consortium, 1998). Studies in C. elegans have been crucial for the 53 study of a multitude of biological processes such as development, cell specification, cell 54 differentiation, apoptosis and genome evolution ( Xenorhabdus bacteria where they collectively infect and kill a host within a few days, 71
reproduce separately within the host, and reassociate when forming infective juveniles 72 that will seek out the next host (Hirao et al., 1999) . Steinernema and its bacterial 73 symbiont have been extensively studied as genetic models to explore symbiosis and 74 pathogenesis (Martens and Goodrich-Blair 2005; Sicard et al., 2003) . EPNs are also an 75 excellent satellite organism to study mammalian parasitism as they are closely related 76 to the Strongyloididae nematodes (Blaxter et al., 1998) . In particular, Steinernema's 77 mechanism of host seeking by olfactory and other sensory cues likely offers a great 78 model for mammalian-parasitic nematodes (Gang & Hallem, 2016) . 79 80
Previously published draft genomes done using Illumina sequencing for 5 81
Steinernema species opened the door to study evolutionary traits among these parasitic 82 nematodes and compare them to free-living nematodes. These genomes helped 83 elucidate gene families involved in parasitism that were expanded in Steinernema, such 84
as proteases and protease inhibitors, while a comparative analysis to C. elegans 85 revealed orthologous non-coding regulatory motifs (Dillman et al., 2015) . S. 86
carpocapsae and S. feltiae were further used to study the extent of expression 87 conservation in orthologous genes across nematode families that were associated with 88 embryonic development . This study found a funnel-shaped 89 model of embryonic development based on high conservation of orthologous genes 90
between Caenorhabditis and Steinernema . The draft genomes 91 also allowed for further studies in neuropeptide sensory perception in S. carpocapsae, 92 and the study of lethal venom proteins in both S. carpocapsae and S. feltiae (Lu et al., 93 2017; Morris et al., 2017) . 94 95
The draft genome assembly of S. carpocapsae ALL strain had 1,578 contigs with 96 an estimated genome size of 85.6 Mb, N50 of 300kb and more than 28 thousand 97 predicted genes (Dillman et al., 2015) . Another study, also using short-reads assembled 98
S. carpocapsae Breton strain into 347 scaffolds with an N50 of 1.24Mb (Rougon-99
Cardoso et al., 2016). The draft genome status, although helpful, can hinder further 100 studies of protein families' expansions involved in parasitism. The high fragmentation 101
also deters the analysis of conserved gene sequences, which could play a significantly 102 larger role in the evolution of this phylum. Therefore, a more contiguous assembly of the 103 S. carpocapsae genome will contribute to further understanding the mechanisms of 104
Steinernema genome evolution. In this study, we reassembled the genome with long-105 read sequencing from Pacific BioSciences (PacBio) in conjunction with optical mapping 106 using BioNano Irys system, which produces high throughput physical maps (Lam et females, being careful to collect females that had not mated to identify scaffolds that 125 would encompass the chromosome X in our new assembly. The largest scaffold 126 displayed a characteristic 2-fold difference in coverage between females (orange) and 127 males (blue), which we therefore renamed as Chromosome X ( Figure 1A ). Scaffold 15, 128
which is much smaller (207kb or 1% of the size of chromosome X) also showed a 129 similar difference in coverage and is likely a small part of the X chromosome. The 130
remaining 1+Mb scaffolds suggest that we have the remaining four chromosomes in 14 131
pieces at most. 132 133
We used our RNA-seq transcriptomes from published studies (Marissa 134 and this study to reannotate the genes on this new assembly 135 and identified 30,957 genes using Augustus (see methods). We then calculated the 136 gene density along the scaffolds and observed a uniform distribution of genes on 137 chromosome X, which is similar to observations in Caenorhabditis elegans and 138 Pristionchus Pacificus (Andersen et al., 2012; Rödelsperger et al., 2017) . Gene density 139
varied little along and among all other scaffolds ( Figure 1B) . Chromosome X has a rich 140 %GC content in its center when compared to its arms. All other scaffolds either have 141 uniform %GC content or show a distinct increase or decrease ( Figure 1C ). Lastly, we 142
analyzed the repeat content of chromosome X and scaffolds. As expected from other 143 assembled nematode chromosomes, chromosome X repeats are more frequent on the 144 arms than in its central region (Hillier et al., 2007; Rödelsperger et al., 2017; Yin et al., 145 2018) . All other scaffolds that are part of autosomal chromosomes either have uniform 146
repetitive sequences (such as scaffold 3) or scaffolds in which repetitive sequence 147 either decrease or increase (such as scaffolds 2 and 4) ( Figure 1D ). In summary, we 148 assembled the S. carpocapsae genome into 16 scaffolds, 14 of which are greater than 149 1Mb, including a nearly complete chromosome X that shows similar characteristics to 150 other assembled nematode chromosomes. 151 152 S. carpocapsae chromosome X is primarily syntenic to C. elegans chromosomes 153 II and IV 154 155
We performed a macrosyntenic analysis between S. carpocapsae and C. elegans 156
genomes by identifying the one-to-one orthologs between both species and plotting 157
these genes according to their position in S. carpocapsae scaffolds ( Figure 2 ). We 158 found that S. carpocapsae chromosome X is primarily homologous to sections of C. 159 elegans chromosomes II, X, IV. may be expanding. In addition, an improved assembly allows us to determine the 199 location of these genes and these genes are in fact numerous individual unique genes 200 or misassembled genes. 201 202
In our assembly, we identified 228 unique metalloproteases and 254 serine 203
proteases. Mapping the genes to their chromosome locations reveals aggregation of 204 gene clusters ( Figure 3A-B ). In order to visualize the location of venom genes, we 205 colored them in red. Venomous metalloproteases form a cluster on scaffold 7, while 206 venomous serine proteins cluster on scaffolds 5, 8 and 14 ( Figure 3A-B ). The location of 207 these expanded genes suggest that they are evolving by tandem duplications. One-to-208
one orthologs to C. elegans shows that the 228 metalloprotease genes correspond to 209 90 C. elegans gene models and the 284 serine proteases correspond to 50 genes in C. 210 elegans. The phylogenetic trees for these gene families inform us about their potential 211 molecular history and sequence similarity. While many of the metalloproteins have 212 orthologs in C. elegans with a few duplications, serine proteins seem to have undergone 213 and extensive and rapid expansion in S. carpocapsae. Interestingly, there is a small 214 grouping of metalloprotease duplicates that belong to the cluster on chromosome 7; 215 these venomous genes all contain an M14A domain ( Figure 2C ). Similarly, many of the 216 venomous serine proteases group within what we refer to as the "serine expansion"; 217
these genes have the S01A domain ( Figure 3D ).
219
Gene expression profiling eleven post-development stages reveals sex specific 220 differences 221 222
We next characterized the transcriptome of 11 post-developmental stages with single-223 nematode RNA-seq analysis in order to identify the similarities between transcriptional 224 profiles of early post-activation, late post-activation, and adults (Serra et al., 2018) .
225
Nematodes were activated in-vitro on plates with lawns of X. nematophila. We collected 226 early post-activation stages nematodes at 3, 6, 9, 12, and 15 hours as well as later post-227
activation time points that are thought to correspond to later larval stages such as 24, 228
36, and 48 hours as well as adult females and males. We first generated a heatmap of 229 all genes expressed with a minimum of 1 Transcript Per Million(TPM) ( Figure 4A ). Early 230 and late post-activation have distinct gene expression profiles, but late post-activation 231 has a similar gene expression profile to female and male adults. Interestingly, we found 232 that two of the nematodes collected at 24 hours have a transcriptional profile similar to 233 adult females, whereas the third nematode collected at the same hour is more similar to 234 an adult male. Similarly, we found that two of the 36 hours nematodes have a male-like 235 profile and one nematode has a female-like profile. At 48 hours all nematodes have a 236 female transcriptome profile, which we assume simply represents our chance of 237 collecting three out of three female samples randomly.
239
We then conducted a comparative gene expression analysis of adult males and 240 females. We found 2,328 genes downregulated and 1,026 upregulated between males 241
and females ( Figure 4B ). GO terms for the 2,328 upregulated genes showed strong 242 enrichment for lipid metabolic process (p-value 1.6e-8), catalytic activity (p-value 2.3e-243 11), immune response (p-value 3.2e-4) and embryo development (p-value 3.0e-2). In 244 contrast, the 1,026 downregulated genes are related to male gamete generation (p-245 value 8.7e-3), sperm motility (2.0e-2), biological regulation (p-value 1.6e-9) and catalytic 246 activity (p-value 4.4e-4). We generally recovered distinct major GO term categories 247 between female and male except for the category "catalytic activity", which led us to 248 investigate whether the GO terms for females and males are enriched for distinct 249 enzymes. Male GO terms were enriched for phosphotransferase activity (p-value 5.93e-250 94), kinase activity (p-value 1.14e-23), phosphatase activity (5.69e-9) and phosphoric 251 ester hydrolase activity (p-value 1.38e-7). In contrast, female GO terms are enriched for 252 peptidase activity (p-value 2.38e-6), serine-type peptidase activity (5.22e-6), serine 253 hydrolase activity (5.22e-6) and amine-lyase activity (8.87e-5). This indicates that 254 females and males express different enzymes at higher levels in adulthood. In a 255 separate analysis, we analyzed the genes from Figure 3B with highest expression in 256 male and highest expression in female (Supplemental Figure 3A ). GO terms for highly 257 expressed genes in females and males confirmed that females' enzymatic activity is 258 related to hydrolase, peptidase and serine activity while males are enriched for kinase 259 activity, and phosphorous processes (Supplemental Figure 3B ). 260 261
We then used a Principal Component Analysis (PCA) to assess how gene 262 expression of embryos, late post-developmental stages and adults varies across stages 263
( Figure 4C We investigated the conservation of C. elegans sex determination pathway in S. 283
carpocapsae. We performed an orthology analysis of the genes described in Haag 2005 284 to identify which sex determination genes are conserved in S. carpocapsae, including 285
genes with more than one paralog (Supplemental Table 2 ). Out of the 27 C. elegans 286 sex determination pathway genes, we found 10 that have one to one orthologs such as 287
sex-1 and fox-1, which are responsible for X dosage counting elements and are female-288
promoting (Hodgkin et al., 1994 In this study we improved the genome of S. carpocapsae ALL strain with PacBio 305 technology and BioNano Iris system and identified chromosome X. The S. carpocapsae 306 genome is in 16 scaffolds with an N50 of 7.36Mb. The sum of the 10 largest scaffolds' 307 lengths achieves ~90% of the genome size, while the top 4 scaffolds cover 50% of the 308 genome. In addition, we used stage-specific developmental transcriptomes to re-309 annotate our new assembly and predicted 30,957 genes, which we used to infer 310 patterns of rearrangements between scaffolds based on macrosyntenic analysis 311 compared to C. elegans. This also allowed us to map the expansion of 312 metalloproteases clusters and to identify the set of genes differentially expressed 313 between males and females. 314 315
S. carpocapsae has 4 autosomal and one sex chromosome (Curran 1989 In conclusion, we have improved the S. carpocapsae genome from 1,578 to 16 362 scaffolds and identified its chromosome X. A macrosynteny analysis found that 363 chromosome X is orthologous to C. elegans and P. pacificus chromosomes II and IV. 364
Our results point to a conserved region of chromosome X among the three species. We 365 also found catalytic activity differences between adult females and males. Further 366 analysis will be required to assess the role of female adults in EPN infection and 367 regulatory relationships of male development. Lastly, we believe the improved genome 368 of S. carpocapsae will advance the field of comparative nematode genomics and allow 369
for the mining of new insights in the evolution of nematode parasitism. Sucrose float to remove dead IJs and bacterial contamination. Axenic IJs stored in the 393 tissue culture flasks were transferred to conical tubes, spun down, and washed 3x with 394 DI water. IJs were re-surface sterilized by adding 7.5 mL of distilled water to the worm 395 pellet and 7.5 mL of egg solution (3 mL DI water, 4.5 mL 1M NaOH, 2.5 mL of fresh Clorox 396 bleach) and incubating for 5 min. The egg solution was immediately removed, and the IJs 397 were rinsed 3 times by centrifuging at 2000 rpm for 1-2 min and then suspended in 7mL 398 of molecular grade water. 7 ml of cold 60% sucrose was added, and the sample was 399 mixed and spun at 50g (630 rpm/660 rpm) for 1min at 4°C, and then immediately at 1150g 400 (3000 rpm /3180 rpm) for 3 min at 4°C. The live IJs were collected from the top layer and 401 transferred to a sterile conical tube and washed 3x (centrifuging at 1650g (3600 rpm / 402 3810rpm) for 5 min) with molecular grade water. 403 404
Grinding of the IJs with a mortar and pestle in liquid nitrogen to break nematode cuticles.
405
A mortar, pestle, and four ultracentrifuge tubes were wrapped in aluminum foil and 406 autoclaved for at least 20 min at 121°C. The cleaned IJs were added to the autoclaved 407 mortar and liquid nitrogen was poured into the mortar and ground with the pestle until the 408 liquid nitrogen evaporated. IJs were ground for 10 min adding liquid nitrogen as needed. 409
The ground powder was transferred into a 50mL conical tube on ice. 410 411
IJ cell/tissue lysis and protein and RNA digestion. In a 15 mL conical, 9.5 mL Qiagen 412
Buffer G2 from the Genomic DNA Buffer Set (Cat. No. 19060, Qiagen), 19 μL RNase A 413 (100mg/mL) (Cat. No. EN05231, Thermo Fisher) and 375 μL of proteinase K (> 800mAu, 414
Cat. No. P4850-5ML, Sigma-Aldrich) were mixed, added to the ground IJ sample, and 415 incubated at 50°C in a water bath for 3-4 hours until the lysate was clear. After incubated 416 the sample was spun down at 5,000xg for 10 min at 4°C to separate out any particulate 417 matter that can clog the genomic tip column. The supernatant was transferred to a clean 418 15 mL conical tube. 419 420
Genomic DNA measurements. The total amount of genomic DNA was measured with the 421
Qubit fluorometer to determine which genomic tip size to use. We used the 100G 422
genomic-tip because we had between 80-100 μg of gDNA. 423 424
Genomic-tip protocol. A 100G Qiagen Genomic-tip (100/G) was equilibrated with 4 mL of 425
Buffer QBT. Separately, the DNA sample was diluted with an equal volume of buffer QBT 426
and vortexed for 10s at maximum speed and immediately applied to the equilibrated 427 genomic-tip. The following steps of the genomic-tip were followed according to the 428 manufacturer's instructions, except that the ethanol and isopropanol precipitation 429 centrifugation steps were performed at 10,000xg for 45 min each. The DNA was eluted 430
in EB buffer overnight at 55°C. The DNA was sheared using 10 pumps of a blunt 24-431 gauge needle followed by 10 pumps using a blunt 21-gauge needle. Animal Tissue DNA Isolation kit (Bionano Genomics). Bionano Irys optical data was 460 generated and assembled with IrysSolve 2.1. We then merged the Bionano assembly 461
with the merged assembly using IrysSolve, retaining Bionano assembly features when 462 the two assemblies disagreed (Supplemental Figure 5A ). 463 464
The new S. carpocapsae genome assembly also went through Haplomerger to create 465
an assembly with minimum possible number of haplotypes. First, the assembly was 466 soft-masked with Windowmasker (version 2.2.22) (Morgulis et al., 2006) . Next, the soft 467 masked genome was cleaned using the faDnaPolishing.pl script provided by 468
HaploMerger2 (Huang et al., 2012) . Then, the longest 5% of the genome was used as a 469 target and the remaining 95% was used as a query for alignment with Lastz, which 470 created a score matrix. The alignment threshold was kept at 95% to best identify 471 heterozygosity. Lastly, S. carpocapsae ALL strain was compared to Breton strain 472 through genomeevolution.org using synmap function with default settings (Lyons & 473 Freeling, 2008 2008). C. elegans UTR models provided by Augustus were used for predicting the S. 494 carpocapsae UTRs. A compiled set of de novo assembled stage-specific transcriptomes 495 (from above) was mapped onto the merged genome using Blat version 36 with the 496 following settings: -maxIntron=70000 -minScore=100 -minIdentity=94. The best 497 alignments were taken using the command pslReps with the setting: -singleHit, and was 498 then sorted and converted into hints file for Augustus using blat2hints.pl from Augustus 499 (version 3.2.1). 500 501
Assessing genome assembly completeness with Benchmarking Universal Single-502
Copy Orthologs (BUSCO) 503 504
Genome completeness was checked with BUSCO v3 software with default settings for 505 genome and using near-universal single-copy orthologs selected from OrthoDB v9 506 nematoda_odb9 (Simão et al., 2015). Nematode_odb9 has 982 groups for which 854 507 groups were found in the S. carpocapsae assembly, which is an 87% completeness 508 (Supplemental Figure 5B 783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825 
